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Abstract

Ultra nano-crystalline diamond (UNCD) is increasingly being used in the fabri-
cation of devices and coatings due to its excellent tribological properties, corrosion
resistance and bio-compatibility. Here, we study its response to irradiation with kilo-
electronvolt electrons as a controlled model for extreme ionizing environments. Real
time Raman spectroscopy reveals that the radiation damage mechanism entails dehy-
drogenation of UNCD grain boundaries, and we show that the damage can be recovered
by annealing at 883 K. Our results have significant practical implications for the imple-
mentation of UNCD in extreme environment applications, and indicate that the films

can be used as radiation sensors.
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Introduction

Ultra nano-crystalline diamond (UNCD) is a nanostructured film consisting of 2 - 5 nm
diamond grains within a matrix of 0.4 - 0.6 nm wide sp®/sp* grain boundary material.
The mechanical, tribological, chemical, electrical and bio-compatible properties of UNCD
make it ideal for use in a variety of demanding environments.! Applications for UNCD

range from the nano to macro-scale in areas such as microelectromechanical systems,??

electronic power devices,* field-emission devices,® mechanical pumps, %7 biomedical devices®?
and biosensors.? As the demand for UNCD broadens, an understanding of its response to
ionizing radiation and electron bombardment becomes critical. An understanding of these
processes will pave the way to new, exciting opportunities and a range of applications in
sensing, radiation shielding and MEMS technologies.

In this article, we report the structural modification of UNCD under extreme ionizing
conditions which are simulated using electron irradiation in a scanning electron microscope
(SEM). In situ Raman spectroscopy reveals decay of the Raman feature at ~ 1140 cm™!
during electron exposure, which has previously been ascribed to hydrogen at grain bound-
aries. 13 The modified UNCD film is recovered on annealing to temperatures replicating
material growth conditions'* and the onset of hydrogen diffusion,!® indicating that whilst
hydrogen redistributes, it is not significantly desorbed from the material during electron
exposure. Our results are consistent with and serve as evidence for the assignment of the
~ 1140 cm~! Raman peak to hydrogen, complement prior tentative interpretations of the
effects of electron exposure on cathodoluminescence from polycrystalline diamond, ' and im-

plicate dehydrogenation of UNCD grain boundaries as the radiation-damage mechanism that

is responsible for a loss of chemical inertness that gives rise to chemical etching of UNCD. 7
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Figure 1: Rendering of the electron-laser beam system used to perform in situ heating and
Raman spectroscopy. The electron column, objective lens of the Raman spectroscopy system,
substrate heater and UNCD substrate are shown. The electron beam and laser are aligned
to be coincident at the UNCD surface.

Electron irradiation experiments were performed under high vacuum (~ 3 x 107 Pa) at
various substrate temperatures using an FEI Company Quanta 3D FEG variable pressure!®
SEM equipped with a heating stage assembly (Figure 1). During irradiation, a 30 keV,
23 nA, focused electron beam was normal to the substrate surface and rastered across a
75 X 68 pm scan area discretized into 512 x442 pixels with a dwell time of 10 us per pixel.
The substrate was a 1.7 ym film of UNCD grown on silicon (grain size = 2 - 5 nm, average
roughness = 10 nm, UNCD Aqua 25 from Advanced Diamond Technologies, Inc.). Cleaning
of the substrate was performed by first annealing in air at 500 K for ~ 2 hours, followed by in
situ plasma cleaning with oxygen radicals (primarily OF and O) at 575 K for ~ 1 hour using
an XEI Scientific Evactron® unit installed on the SEM (RF power = 13 W, O, pressure =
40 Pa).

In situ Raman spectroscopy measurements were performed using a custom system com-
prised of a 532 nm, 50 mW excitation laser (< 0.001 nm spectrum width, FreeBeam 532
Raman Laser Module, RGBLase LLC), 10x objective (spot size: 3.3 - 6.7 um Gaussian
beam waist (wp), 0.28 NA, Mitutoyo Plan Apo Infinity Corrected Long WD Objective) and

QE65 Ocean Optics spectrometer unit. The laser angle of incidence was 60° and aligned to
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be coincident with the electron irradiation area at the UNCD surface. Discrete-time spec-

tra were collected over a Raman wavenumber shift range of 900 - 2100 cm™*

using a 10 s
collection time for each frame.

Raman spectra were analyzed by fitting a third-order background and five Gaussian
peak shape functions to the collected spectra using a routine written in the software pack-
age Mathematica.?’ Four of the peaks have previously been assigned to trans-polyactylene
(TPA) at the grain boundary (v, and v3) and carbon (D and G) components of the UNCD
film. 1171321726 A fifth peak (v,) has previously been assigned to TPA (~ 1210 cm™!) or
vibrational density of states contributions from small diamond grains (~ 1200 cm™1!), and
is only observed via fitting.?> The characteristic diamond Raman peak at 1332 cm™! was
not included in the analysis as its contribution is negligible in visible Raman analysis of
films grown with minimal hydrogen in the plasma'® and it was not discernible in any of
the spectra. Constraints were applied to the peak fitting routine after an initial manual fit

25.26 with the following tolerances: vq: 1136 - 1140 cm™!, vy:

and based on previous studies
1205 - 1210 cm™t, D: 1338 - 1342 cm™!, vy 1450 - 1455 em™!, and G: 1545 - 1550 cm™t.
Visualization of the change in background photoluminescence (PL) signal with electron irra-

diation was realized by fitting a first-order gradient to the third-order fitting over the range
of 1050 - 1700 cm™1.

Results and Discussion

First, we investigated structural changes in UNCD during electron irradiation at room tem-
perature. A region of UCND film was irradiated with 30 keV electrons while collecting
discrete-time Raman spectra (Figure 2a). Electron irradiation caused drastic changes in the
Raman spectra with all features reducing in intensity. In particular, the intensity of the
background PL signal and v; are observed to decay significantly compared to the vy, D, 13

and G features. The background PL signal and v, have previously been assigned to TPA at



the diamond grain boundary with 14 arising from the C-H bending mode. These previous
assignments are consistent with our observations of material restructuring, as electron irra-
diation has a significant adverse impact on organic materials, particularly those which are
heavily hydrogenated.?” The difference between the rate of decay for the three TPA ascribed
Raman features is surprising. This may be caused by the nature of the bonding configuration
associated with each feature. The removal of hydrogen from a small portion of C-H bonds
in the TPA chain may not necessarily lead to changes in the C-C bonding configuration of
TPA. This could explain why we only see a change in the v; Raman feature, and not v,
and v3. We note that electron beam induced heating is negligible given the large interaction
volume and scan area of the electrons, and the bulk nature of the film.?”

Electron exposure of UNCD in high vacuum is known to cause slow electron beam induced
etching that is mediated by residual H,O molecules.?® To confirm that the changes in Raman
spectra observed here are not caused by EBIE, the sample was irradiated overnight (57,470 s)
using a 30 keV, 43 nA electron beam at a substrate temperature of 296 K. The region was
imaged ex situ using the tapping mode of a Digital Instruments Dimension 3100 atomic force
microscope (AFM), and analyzed using the software package Gwyddion?® (Figure 2b). The

I under these conditions. Removal

material removal rate was determined to be 1.3 pm s~
of material by EBIE can therefore be eliminated as the cause of the dramatic decrease
in Raman intensity immediately following electron exposure. We note that the observed
changes do not recover if the electron beam is blanked for extended time periods during the
exposure treatment, and they are not caused by the laser used for Raman spectroscopy (see
the Supporting Information, sections S1 and S2). We also note that the observed changes in
Raman spectra cannot be caused by carbonaceous films formed by electron beam induced
deposition (EBID) of residual hydrocarbon contaminants. Such EBID competes with and
is more efficient that H,O-mediated EBIE (which also cause etching of the carbonaceous

films).3% Our observation of etching therefore serves as evidence for the fact that the buildup

of carbonaceous films was negligible and outcompeted by EBIE.3!
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Figure 2: Electron beam induced restructuring of UNCD at room temperature. a) Raman
spectra of (i) virgin UNCD and (ii) UNCD exposed to 30 keV electrons for ~ 26 minutes.
Also shown is the fitted PL background and Gaussian Raman peaks vy, vo, D, v3 and G. b)
AFM image of an area of UNCD irradiated overnight by a 30 keV, 45 nA electron beam. (-
- -) indicates the line scan position where the etch pit depth (75.6 nm) was determined. The
yellow-orange region of the image is a deeper etch trench generated by an increase in the
dwell-time of the electron beam at the edge of the scan box which is common in the rastered
mode of a scanning electron microscope.

Next, we determined how UNCD temperature affects the dynamics of electron beam in-
duced restructuring. Heating can provide insights into the mechanism of electron-induced
restructuring with previous investigations reporting an increase in radiolysis associated re-
structuring with increasing temperature and knock-on displacement displaying little depen-
dence on temperature.?” Electron irradiations were performed on pristine regions of UNCD
at a substrate temperature of 296, 588 and 684 K respectively (see Figure 3). At elevated
temperatures the carbon D and G Raman peak intensities remain constant with electron

exposure and the response of v, and v3 relative to one another changes slightly. The PL back-



ground and v; however still show significant changes with electron exposure. To quantify
the temperature dependence of electron-induced restructuring we determined the first-order

rate constant (k) for the PL background and v; at 296, 588 and 684 K:

In(n —ning) = —kt + In(ng — Niny) (1)

where n is intensity at time (¢), n;,s is the intensity at ¢ = infinity, and n, is the intensity
at t = 0. The rate constant of the electron-induced restructuring of the PL background
is observed to increase slightly with temperature (k equals 0.0034, 0.0046 and 0.0060 s!
at 296, 588 and 684 K respectively) (see the Supporting Information, section S3). We
therefore ascribe the mechanism of restructuring to the background PL as radiolysis. The
cause of this decrease in PL with electron irradiation is attributed to cleavage of nitrogen
bonds within the nitrogen vacancy (NV) color center or deactivation of the NV color centers
by formation of nonluminescent NVH, centers enabled by the migration of hydrogen from
the TPA chains in the grain boundary.'® In comparison, the rate constant of the electron-
induced restructuring of v; remains relatively constant and within the error of measurement
(k equals 0.0018, 0.0028 and 0.0020 s~! at 296, 588 and 684 K respectively). Given the
large error in the measurement we cannot confirm if the nature of restructuring is knock-on
displacement or radiolysis, however both would be expected at electron energies greater than
2 keV for hydrogen bonded carbon.®? Changes in the D, G, v, and v3 Raman features with
temperature are not as simple to ascribe. The temperature-dependence of the response of
the carbon D and G features to electron irradiation may be caused by an electron-driven
chemical reaction that involves residual dopants in the film such as oxygen or nitrogen,
however the exact mechanism is uncertain.

Finally, we investigated the effects of high temperature annealing on sample regions that
were previously restructured by electrons. Two areas were selected for the study, (i) the
region irradiated for 34 minutes at a substrate temperature of 684 K (Figure 3a), and an

extreme case (ii) where the region was irradiated for 702 minutes using an electron beam
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Figure 3: Electron beam induced restructuring of UNCD at substrate temperatures of 296,
588 and 684 K. (a~c) Normalized gradient of the background and intensity of vy, vo, D, v3
and G as a function of electron exposure time.

current of 45 nA at a substrate temperature of 588 K then irradiated for 26 minutes at a
substrate temperature of 296 K. The sample was annealed at 883 K under high vacuum and
then electron irradiation was performed on areas (i) and (ii), and a virgin region (Figure 4).
We note that Raman measurements could not be performed at 883 K and the analysis was
therefore done at room temperature.

Recovery of electron beam induced damage in UNCD was observed after in situ high-
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Figure 4: Recovery of electron beam induced damage in UNCD by high-temperature anneal-
ing. In situ annealing at 883 K under high-vacuum restores the Raman response of regions
previously damaged by electrons to levels that are indistinguishable from virgin material.
(a-b) After annealing, three UNCD regions were exposed to electron irradiation at room
temperature: (a, dashed) a region previously irradiated with electrons at 588 K, area (i)
(Figure 3a), (b, dashed) a region previously irradiated with electrons at 684 K, area (ii)
(Figure 3b) and (a-b, solid) a virgin region.

temperature annealing. In fact, the sample regions that had been restructured by electrons
are virtually indistinguishable from virgin UNCD after annealing in all aspects measurable
by the Raman system: the normalized peak intensity and ratio, and intensity collected at
the spectrometer (see the Supporting Information, section S4). Significantly the ratio of
the hydrogen assigned 14, peak was restored after annealing. We ascribe the restoration of
film quality to reconstruction of the electron modified TPA at the grain boundary of the
nano-crystalline diamond. The annealing temperature (883 K) coincides with two critical

temperatures: (1) the onset of the growth temperature for UNCD' and (2) diffusion of

hydrogen within amorphous carbon material.'® Therefore, recovery of the UNCD film by



thermal annealing shows that the film retains a large portion of displaced hydrogen.

Previous studies have revealed a temperature dependence of the preferred location of
hydrogen within the structure of UNCD.26 TPA chains are stable up to 1123 K, with tem-
peratures greater than 1173 K resulting in the shortening of TPA chains and a subsequent
decrease of the amount of hydrogen bonded to TPA chains in grain boundaries. During
this transition however, the amount of hydrogen bonded to the surface of diamond grains
increases. At 1273 K hydrogen is completely desorbed from the UNCD structure and the
fraction of carbon in the diamond phase decreases. In the case of electron-induced dam-
age presented here, it is proposed that during electron irradiation hydrogen is released from
the TPA chains and migrates within the grain boundary. Subsequent thermal annealing
at 883 K activates diffusion of hydrogen within the grain boundary and provides sufficient
energy to overcome the barrier for recombination to a TPA chain, and therefore recovery of
the damage.

Electron exposure has previously been observed to modify the chemical properties of
UNCD. Specifically, pristine UNCD is highly inert and its chemical etch rate is negligible.
However, the etch rate increases with electron beam exposure time during gas-mediated
electron beam induced etching (EBIE) and this increase has been attributed to electron-
induced radiation damage.'” Based on the results presented here, the underlying mechanism
can be attributed to a decrease in the concentration of hydrogenated diamond at grain

3

boundaries. Dehydrogenation is known to lead to reconstruction of the structure,®® and

oxidation by H,O molecules gives rise to electron-induced desorption of carbon species.?!

Conclusions

In summary, in situ Raman spectroscopy measurements show that irradiation of UNCD with
30 keV electrons results in rapid structural changes to the film. The Raman peak assigned to

hydrogen in grain boundaries decays significantly which we ascribe to efficient bond dissoci-

10



ation by the electron beam through desorption induced by electronic transitions or knock-on
displacement processes. The temperature dependence of electron-induced damage to the
background PL signal is revealed to differ from the Raman peak assigned to hydrogen in
grain boundaries. The electron-induced damage mechanism of the background PL signal is
ascribed to radiolysis based on this temperature dependence, which we ascribe to deactiva-
tion of NV color centers. Annealing of UNCD that was previously irradiated by electrons to
883 K under high-vacuum restores the structural properties of the film to those of pristine
material. The annealing temperature corresponds to the onset of diffusion of hydrogen in
amorphous carbon material and the growth temperature of UNCD. Our results have signifi-
cant practical implications for the implementation of UNCD based devices and show in situ

Raman spectroscopy to be a powerful tool for rapid material analysis.
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